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Abstract
I consider a high-Q beta beam peaking at multi-GeV energy for the baseline
CERN-Pyhäsalmi, with the length of 2288 km, using LENA, a 50 kton liquid
scintillator as the far detector. The beta beam is assumed to be accompanied
by a conventional wide band beam of 16 GeV. This combination turns out to
be plausible to measure neutrino parameters if sin2 2θ13 ∼ (1...3) · 10−3.
1 Introduction
Beta beams have been suggested as a future option for long baseline neutrino
experiments[1, 2, 3, 4]. They provide a clean beam of electron (anti)neutrinos,
and an alternative channel to conventional neutrino beams. Usually beta beams
have been considered in connection with superbeams.
Here I study application of beta beams for the 2288 km long baseline from CERN
to Pyhäsalmi Mine in the middle of Finland. The density profile for the baseline has
been modelled well [5, 6], and the average density can be defined at 1 % accuracy.
For the far detector I take LENA[7, 8, 9, 10, 11, 12, 13, 14, 15]. The main
purpose of LENA is to study low-energy neutrinos and nucleon decay, but it has
been suggested that a large volume liquid scintillator indeed has capacity to measure
high-energy neutrinos with a good energy resolution and flavor identification [16, 17].
Applying LENA for a low-energy (sub-GeV) beta beam was considered in [18].
Previously a conventional beam of 16 GeV from CERN to LENA at Pyhäsalmi
mine has been considered[19]. It turned out to be a very viable option to study
neutrino parameters if the third mixing angle not too small, i.e. sin2 2θ13 > 3 · 10−3.
Its range could be extended to smaller angles by increasing the detector size and
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Figure 1: Spectrum of a beta beam, with γ = 300.
beam power, but not very effectively because the performance is then limited by the
beam background.
The beta beam avoids the beam background. Hence it may provide a more
effective way to extend the range to very small mixing angles. The viability of the
beta beam, however, is still subject to substantive investigation.
2 Beta beams
With the usual oscillation parameters the first oscillation peak of a 2288 km long
baseline is at about 4.2 GeV. Hence an optimal beam covers the energies 15 GeV.
To reach such energies I assume that beams of electron neutrinos and antineutri-
nos are produced from the decays of 8B and 8Li ions, with endpoints 14.43 MeV and
13.47 MeV, respectively [20, 21]. Using SPS we may reach γ = 350. As intensity I
use the nominal value of 2 ·1018 decays per year, and 4+4 years running time. Some
people have been speculating on intensities up to 10 · 1018 decays per year, but it is
not yet given that even the nominal intensity can be reached.
The spectrum of the beta beam is defined by γ, as shown in Fig. 1. In this work
I set γ = 300 which positions the peak at 4.2 GeV. Even lower γ, like 200 is still
acceptable if it is more economic.
Use of 18Ne and 6He is disfavoured because of lower energies reachable (endpoint
energies 3.5 MeV and 3.4 MeV, and peak energies 1.9 and 1.2 GeV with refurbished
SPS). To reach the required 45 GeV energy we need γ > 1200 which is possible
only with LHC, though this possibility is supposedly ruled out due to some technical
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and availability limitations.
I assume that the beta beam is accompanied by a wide band beam, as described
in [19]. The beta beam is mostly redundant to that, the main signal being νe → νµ
transition. It adds more statistics by increasing the beam power, but it has also an
additional advantage to provide a clean beam with no beam contamination which
is the bottleneck of the conventional beams for very low θ13.
3 LENA
LENA is planned to consist of 50 kton of liquid scintillator, in a vertical cylindrical
tank with radius of 12 m and height of 100 m. It is surrounded by a buffer of 2 m,
and outside it is shielded by water (totally 100 kton). The dimensions and number
of phototubes may still vary a little until they are fixed soon.
Due to the detector geometry the efficiency to measure highest-energy muon
neutrinos is reduced in the default vertical orientation. In these simulations I just
assume the efficiency to decrease from 100 % at 3 GeV to zero at 7 GeV. In a
horizontal orientation the cut-off would be much milder.
I consider also a larger size, 150 kton, for comparison. Additional detector vol-
umes might be required to exploit the expensive beam optimally. On the other
hand, for consistency I use throughout this work the detector mass as the scaling
factor, containing also possible variations in the beam power, running time or the
detector efficiency. One might note, however, that in real life the two beams may
not scale equally.
Additional fiducial mass can be reached either with a single LENA by using
the buffer and the shield as additional fiducial volumes  the viability of which
needs to be studied1  or with an additional 100 kton detector, like a horizontal
high-energy scintillator aligned along the beam. Probably the combination with
another experiment like a 100 kton liquid argon experiment GLACIER[22] would
give rather similar results. An additional detector dedicated for high-energy muons
might indeed be very cost-effective.
Increasing the beam power (which is a very unknown quantity) would have sim-
ilar effect as increasing the detector size. Detector sizes even up to 300 kton (or
equivalent beam empowerment) would not be completely unrealistic, if there is true
need for that.
Throughout this work I assume the energy resolution of 3 %, unless otherwise
stated. In real life the energy resolution may be a very complex function, and
1The light-yield of the buffer is 23 magnitudes smaller than that of the scintillator, being
mostly Cherenkov light. Nevertheless, because of small distance to the light sensor, ∼ 2 m, it
may be measurable, given also the immediate emission of the Cherenkov light, though only for
outgoing particles. (The scintillation light, on the other hand, may be very delayed.) The outer
shield, consisting of close to 100 kton of water, is going to be used as a Cherenkov detector to veto
background muons, but would also serve as additional detector for tracks extending beyond the
internal volume.
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depends quite substantially on the properties of the scintillator, phototubes and
electronics. The accuracy under different design factors of the detector is currently
under a detailed study and more specific estimates will be released soon. The above
assumption itself may not pose excessive requirements for the detection system,
but the beam option has to be definitively taken into account on the design of the
experiment to reach that. Studies with wide band beam with this beamline have
shown that a 5 % resolution is sufficient to study the CP violation and the mass
hierarchy [19].
I assume very good flavor identification. For the conventional beam, the main
background is beam contamination. The beta beam is more background-free but I
assume the background rate by neutral currents as 0.15 % and the flavor misidenti-
fication rate 10−4 for the electron neutrino disappearance channel.
4 Results
The simulations are done using the GLOBES codebase[23, 24]. The code is embed-
ded within an own code.
Figure 2: The expected range to measure the CP violation with a beta beam and a
wide band beam together for a 2288 km long baseline. Left 50 kton and right 150 kton.
There is a major difference, the larger is much better. The colours represent χ values,
so that yellow is about 3σ, red 2σ and blue 1σ.
The observable range of the CP angle is obtained comparing δ = 0 or δ = pi to
different values and getting the respective χ2 values. The obtained δ-plot is shown
in Fig. 2, with both 50 kton and 150 kton fiducial masses. At best it extends to
sin2 2θ13 ∼ 5 · 10−4 with 150 kton or sin2 2θ13 ∼ 1.5 · 10−3 with 50 kton. This can
be compared with the respective range of a wide band beam, sin2 2θ13 ∼ 1.5 · 10−3
with 150 kton or sin2 2θ13 ∼ 8 · 10−4 with 300 kton, in Fig. 7. Also is shown that
with only the beta beam (Fig. 8), to demonstrate that alone it is not good enough,
4
with the assumed beam power, but it should be accompanied with a conventional
beam (whose cost is anyway an order of magnitude less.)
Figure 3: The capacity to measure the mass hierarchy in the plane of θ13 and δ, with
50 kton and 150 kton detectors, both beams together.
The mass hierarchy is studied comparing events of δm2L with δm
2
S−δm2L, marginal-
izing over other parameters. The beta beam improves the range at small mixing
angles. In the given examples, with 150 kton detector sin2 2θ13 ∼ 2 · 10−3 is reach-
able. With a wide band beam only, we would need a 400 kton detector to reach the
same range. The beta beam alone does not, however, perform acceptably. Here we
note that the behavior in CP angle is quite opposite for beta and wide band beams
(assumed similar running times for both polarities), so they complete each others.
The range to measure θ13 was obtained comparing θ13 = 0 to θ13 > 0 when
marginalising over other parameters. The range with beta beams extends to sin2 2θ ∼
3 · 10−4 or less. The combined beam with 100 kton detector will have a performance
comparable to the wide band beam with 400 kton detectors.
The requirements for the energy resolution are rather mild. As seen in Figures
14 and 15, the resolution 5 % is certainly good enough but even worse resolutions
up to 10 % are still acceptable. The requirements are not stronger than in the case
of conventional beam, rather weaker.
5 Conclusions
The beta beam increases the capacity to measure the neutrino properties with small
mixing angles. The beta beam allows to study sin2 2θ13 ∼ 10−3 with the postulated
setup with 50 kton. This is subtantially better than that reachable with a con-
ventional wide band beam with similar detectors at the same baseline, depending
though on the available beam powers.
For the energy resolution 5 % was found to be sufficient. This should be taken
as the design goal for LENA, though even better resolutions may be achievable. A
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Figure 4: The capacity to measure the mass hierarchy with different fiducial masses of
the detector, with a beta beam and a wide band beam together. The fiducial mass is
used here as a general scaling variable. Here and in other similar plots δ = pi/2.
Figure 5: The reach of θ13 for 50 kton an 150 kton detectors with a beta beam and a
wide band beam.
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Figure 6: The reach of θ13 for fiducial masses of the detector with a beta beam and a
wide band beam.
monoenergetic beta beam would not bring any advantage with LENA.
Increasing the power of the beta beam, or enlargening the detector improves the
capacity accordingly, because the performance is not limited by beam systematics.
With a 150 kton detector, or a respectively stonger beam, mixings up to sin2 2θ13 ∼
(3...5) · 10−4 are studiable. Given the high cost of the beam, larger detectors would
be desired to balance the overall investment. Probably the optimal fiducial detector
size for the beta beam of considered power would be at least 100 kton. Also, the
standard LENA with another detector like GLACIER might perform rather equally.
For the beta beam the vertical orientation of the tank imposes a small penalty
on the performance as many of the longest muon tracks are not contained within the
fiducial volume. A horizontal alignment would be hence preferable, but the problem
could be also partially circumvented by using the outer buffer and shield to measure
the tails of the outgoing muon tracks.
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Figure 7: For comparison, the CP range with only a wide band beam. Left with 150
kton and right with 300 kton.
Figure 8: For comparison, the CP range with only a beta band beam with a 50 kton
detector. Left for the horizontal layout (no high-energy cut) and righ for a vertical layout,
i.e. reduced high-energy efficiency. The performance is very poor compared with the
conventional beam. With beta beam, the orientation of the detector matters, a vertical
alignment is a major burden.
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Figure 9: For comparison, the capacity to measure the mass hierarchy with the detector
masses, with only one beam, a wide band beam (left) and a beta beam (right).
Figure 10: For comparison, the hierachy plot for a 50 kton detector with only a wide
band beam (left) and only beta beam (right).
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Figure 11: For comparison, the hierarchy plot for a 150 kton detector with only a wide
band beam (left) and only beta beam (right), 150 kton.
Figure 12: For comparison, the reach in θ13 with only a wide band beam (left) and only
a beta beam (right), 50 kton detector. Note also the different behavior with respect to
the CP angle.
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Figure 13: For comparison, the range in θ13 measurements related to the fiducial mass
of the detector with only a wide band beam (left) and only a beta beam (right).
Figure 14: The CP range with both beams combined and a 150 kton detector, with 3 %,
5 % 10 % and 20 % energy resolutions. The last one is visibly worse, but the difference
between the first ones is rather marginal. Hence 5 % resolution would be sufficiently
optimal while resolutions up to 10 % would still be accaptable.
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Figure 15: The capacity to measure the mass hierarchy with different relative energy
resolutions, for both beams together (left) and for only beta beam (right).
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